Abstract. In this paper the PARC_CL 2.0 crack model, implemented in the ABAQUS
INTRODUCTION
Structural reinforced concrete (RC) shear walls are one of the common lateral load resisting elements in buildings in seismic regions. They are commonly used both in civil and industrial buildings and in power plant buildings. As a matter of fact, the walls, thanks to their dimensions and in-plane disposition, give a high stiffness and a high resistance to the building, reducing the inter-storey drift values at damage limit state and providing enough strength and ductility at collapse.
Shear walls can, based on their geometry, be divided into two groups, high-rise and lowrise shear walls. High rise shear walls, also called slender walls, are governed by flexural behaviour (as underlined in [1] and [2] ). On the other hand, low-rise walls, also called squat walls, characterized by a ratio of height to length less than or equal to two are governed by shear behaviour (as demonstrated in [3] ).
RC shear walls are commonly designed to satisfy criteria of serviceability and safety. In order to ensure the serviceability requirement, it is necessary to predict the cracking and the deflections of RC walls under service loads. In order to assess the margin of safety of RC walls against failure an accurate estimation of the ultimate load is essential and the prediction of the load-deformation behaviour of the structure throughout the range of elastic and inelastic response is desirable. Within the framework of achieving a wider understanding of all mechanical phenomena associated with the elastic and, particularly, inelastic behaviour of RC walls, experimental research still plays a very important role. Moreover, experimental research supplies the information needed for the development of advanced design methods, such as nonlinear finite element analysis (NLFEA).
The scientific research has therefore made significant advancements in understanding the nonlinear behaviour of RC walls subjected to horizontal forces and several numerical methods have been developed and tailored to analyse such kind of structural member. In particular, in this paper, the focus is pointed on the assessment of RC squat walls by means of NLFEA and multi-layered shell elements. In order to investigate the prediction capacity and to reduce the uncertainties related to of NLFE tools, round robin competitions and blind prediction were recently organized and are in progress nowadays (e.g. Concrack2 benchmark [4] , SMART-2013 [5] , CASH benchmark [6] , etc.) In this paper the results obtained analysing the squat walls object of the CASH benchmark is presented. The main objective of this benchmark is to evaluate the seismic nonlinear response of squat walls, representative of a real nuclear power plant (NPP) building structure. According to the purpose of the benchmark, three different kind of analyses have been carried out: pushover, cyclic and dynamic analysis.
NLFEA are carried out using the PARC_CL 2.0 crack model. The PARC_C 2.0 crack model was implemented, by the authors of this paper, within the ABAQUS code as a user subroutine UMAT.for. Such model is an evolution of the previous PARC versions [7] - [8] and allows to consider plastic and irreversible deformation in the unloading phase. Moreover, the implementation, within the PARC_CL 2.0 crack model, of a formulation able to account for stiffness proportional damping allows the possibility to apply it for dynamic analyses.
THE PARC_CL 2.0 CRACK MODEL
In this paper the nonlinear mechanical behaviour of reinforced concrete was achieved by means of PARC_CL 2.0 crack model. The PARC_CL 2.0 (Physical Approach for Reinforced Concrete under Cyclic Loading) crack model is an evolution of the previous PARC versions ( [7] and [8] ) and allows considering plastic and irreversible deformation in the unloading phase and therefore to take into account the hysteretic cycles of both concrete and steel reinforcement. Moreover, in order to proper analyse the dynamic behaviour, the Rayleigh damping stiffness-proportional coefficient was developed and introduced within the PARCL_CL 2.0 crack model. For further details on PARC_CL 2.0 implementation please refers to [9] and [10] .
Fixed crack approach
The proposed PARC_CL 2.0 model is based on a total strain fixed crack approach, in which at each integration point two reference systems are defined: the local x,y-coordinate system and the orthotropic 1,2-coordinate system along the principal stress directions. The angle between the 1-direction and the x-direction is denoted as ψ, whereas θi is the angle between the direction of the ith order of the bar and the x-direction. When the value of the principal tensile strain in concrete exceeds the concrete tensile limit strain εt,cr, for the first time, the first crack is formed and the 1,2-coordinate system is fixed, Figure 1 -a. 
Strain Field for Concrete
The concrete behaviour is assumed orthotropic both before and after cracking and the total strains at each integration point are calculated in the orthotropic 1,2-system, Figure 1 -a:
where [ ] ψ T is the transformation matrix, shown in Eq. (2): 
{ε1,2} and {εx,y} represent respectively the biaxial strain vector in 1,2-system and x,ysystem, as shown in Eq. 
The stress-strain behaviour presented herein is calculated on the base of the uniaxial strains in the 1,2-coordinate system, calculated according to Eq.(5), Eq.(6) and Eq.(7), and shown in 
Stress Field for Concrete
The concrete stress vector, in the 1,2-coordinate system can be generated as follow:
where σ1 and σ2 represent the stresses in concrete in the normal directions, while τ12 is the shear stress in concrete. All these values are derived as the sum of the "static" contribute, {σ1,2}static described in §2.2, and the "dynamic" contribute, {σ1,2}dynamic described in §2.3.
Stress Field for Steel
The steel stress vector, defined for each ith order of bar in the xi,yi-coordinate system, can be generated as follow:
where σxi represents the stress along the axis of the ith order of bar and it can be calculated as the sum of the "static" contribute, {σxi,yi}static described in §2.2, and the "dynamic" contribute, {σxi,yi}dynamic described in §2.3. From Eq.(10) it can be noted that no stresses in the direction perpendicular to the axis of the bar develop, due to the fact that the dowel action phenomenon has not been considered yet.
Total Stress Field
Both the concrete and the steel stress vectors can be transformed from their local coordinate system to the overall global x,y coordinate system using respectively Eq. (11) T θ are the transpose of the transformation matrixes, already reported in Eq. (2) .
The total stress in the x,y-system is obtained by assuming that concrete and reinforcing bars behave like two springs placed in parallel:
where n is the total number of the orders of bars and ρi represents the reinforcement ratio for every ith order of bars.
Static cyclic behaviour
The concrete and steel behaviours as well as their interaction effects are modelled with constitutive relationships for loading-unloading-reloading conditions. The hysteretic response for concrete and steel subjected to static cyclic loading is briefly described in this section, for further details please refers to [9] and [10] .
Concrete model
The envelope curve for concrete, shown in Figure 2- where:
( ) ( )
The value of h in the PARC_CL 2.0 crack model is fixed equal to the square root of the average element area, according to [12] .
The value of GF represents the fracture energy of concrete in tension and can be evaluated according to [13] . The value of GF is defined as the energy required to propagate a tensile crack in a unit area of concrete. The transition between the dissipated energy by a single macro-crack in concrete, GF, and the energy dissipated by several macro-crack in reinforced concrete, RC F G , is defined in accord with Eq. (16):
where am is set as the average crack spacing and can be calculated on the base of the length over which the sleep between concrete and steel occurs, ls,max, as define in [14] . GC represents the fracture energy of concrete in compression. The ratio between the fracture energy of concrete in compression and in tension is assumed equal to 250 according to [15] . As shown in Figure 2 -a the cyclic behaviour for concrete along the orthotropic 1,2-directions is defined with a slope secant to the origin for the tensile domain, on the other hand, the compressive cyclic domain is characterized by an unloading branch with slope Ec.
Multi-axial state of stress is considered by reducing the compressive strength and the corresponding peak strain due to lateral cracking, as given in Eq. (17), according to [16] .
where ε represents the current compressive strain of concrete and ⊥ ε is the tensile strain. The shear behaviour along the crack is accounted in the model considering the aggregate interlock phenomenon, on the base of the formulation proposed in [17] . The overall τ12-γ12 behaviour, shown in Figure 2 -b, can be derived as reported in Eq. (18), on the base of the crack width, w, and the crack sliding, v. 
where γf corresponds to the shear strain at the onset of concrete cracking and γ* defines the point after which the shear strain remains constant and is equal to:
According to the formulation proposed in [17] the main parameters of Eq. (18) and Eq. (19) can be calculated as follow: 
Steel model
The constitutive relation for steel, employed in PARC_CL 2.0 crack model, is based on the formulation proposed in [18] and allows to represent the hysteretic stress-strain behaviour of reinforcing steel bar also including yielding, strain hardening and Bauschinger effect, Figure 3 . The formulation proposed in [18] and shown in Figure 3 can be expressed following Eq. (22):
where:
The presented equations represent a curved transition from a straight line asymptote with Esi inclination to another asymptote with Ehi inclination, Figure 3 . In Eq. (22) and Eq.(24), σ0 and ε0 represent the stress and the strain in the point where the two asymptotes of the considered branch meet (e.g. point A in Figure 3) ; similarly σr and εr are the stress and the strain in the point where the last strain reversal occurs (e.g. point B in Figure 3 ). As indicated in Figure  3 , (σ0,ε0) and (σr,εr) are updated at each strain reversal; b is the strain-hardening ratio and can be calculated as the ratio between Ehi and Esi:
Finally, R is the parameter that influences the shape of the transition curve between the two asymptotes and allows a good representation of Bauschinger effect. R is considered dependent on the strain difference between the point in which the last strain reversal occurs (e.g. point B in Figure 3 for the considered branch) and the previous asymptotes meeting point (e.g. point C in Figure 3 for the considered branch). The expression of R is reported in Eq. (25):
where R0 is the value of the parameter R during the first loading cycle, a1 and a2 are experimentally determined parameters. Based on the parametric studies carried out in [10] , in this paper these parameters are set equal to: R0=20, a1=18.45 and a2=0.001.
Dynamic behaviour
The energy dissipation associated to the material modelling was considered in the PARC_CL 2.0 crack model by introducing the stiffness proportional Rayleigh damping, according to the following general equation:
Based on Eq.(26) the "dynamic" contribution of Eq. (9) and Eq. (10) can be derived as expressed in Eq.(27) and Eq.(28) for concrete and steel respectively:
Consistent tangent Jacobian matrix
The proposed PARC_CL 2.0 crack model is based on a tangent approach except in softening branches where the stiffness contributes of concrete became to avoid numerical problems. As already shown for the evaluation of the stresses vectors, also the Jacobian matrix can be subdivided in "static" and "dynamic" terms.
Regarding the "static" term the Jacobian matrix can be expressed as the derivative of the stresses with respect to the strains as shown in Eq.(29) for concrete and in Eq.(30) for each ith order of bars: 
[ ]
The "dynamic" term of the Jacobian matrix can be evaluate as the derivative of the "dynamic" stresses, already reported in Eq.(26) with respect to the strains.
where dt denotes the increment of time.
Considering that the Jacobian matrix for "static" contribution, already reported in Eq.(29) for concrete and Eq.(30) for steel, contains itself the tangent stiffness modulus, E', the Jacobian tangent stiffness matrix related to the "dynamic" contribution can be express as in Eq.(32) for concrete and in Eq.(33) for steel:
The overall Jacobian matrix can be calculated as the sum of static and dynamic contribution, as reported in Eq.(34) for concrete and Eq.(35) for steel:
Finally, the global stiffness matrix is obtained from Eq. (36):
In order to validate the proposed model and to assess its capability to predict the damping effect on a RC member, a comparison between NLFEA and analytical formulation is presented. A Single Degree of Freedom (SDF) system, represented by the cantilever tower of Figure  4 -a, was used as a reference system. The cantilever tower is characterized by a section of 100x100 mm and a height of 1000 mm. The system is fixed at the base and it presented a lumped mass at the top equal to 50 Kg. The elastic modulus of the material was set equal to 28000 MPa. NLFEA was carried out in order to assess the proposed damping model in the PARC_CL2.0 crack model. The same cantilever tower, representing a SDF system, reported in Figure 4 The height of the tower was subdivided into 10 shell elements with 4 nodes and 4 Gauss integration points (defined S4 in ABAQUS code [11] ), so each element presents a 100x100 mm size in plane. The thickness of each element was set equal to 100 mm in order to achieve the same cross section as the reference analytical specimen. The two nodes at the base of the tower were fixed and at the top of the tower two mass elements of 25 Kg were added.
In order to highlight the frequency of the numerical system, a frequency analysis was carried out before running the dynamic analysis. The frequency analysis highlight that the first vibration mode, able to excite the 99.4% of the mass, presents a frequency, f=19.7 Hz, so that the corresponding natural frequency was equal to ω=123.8 Hz.
According to the Rayleigh damping formulation, the damping ratio can be written as a function of the mass proportional coefficient, α, and the stiffness proportional coefficient, β, as shown in Eq.(37). Due to the fact that the analysed system presents a single degree of freedom, it was necessary only a single frequency to calibrate the damping coefficient. In order to validate the stiffness-proportional damping introduced in the PARC_CL 2.0 crack model, only the stiffnessproportional damping coefficient, β, was calculated. Thus, in Eq.(37) the α coefficient was set equal to 0 while the β coefficient was calculated based on the natural frequency, ω, and the damping ratio, ξ.
The NLFE model was firstly subjected to a horizontal displacement at the top of the specimen equal to 0.01 mm. In a second phase the system was released to experience free vibration in dynamic field. The time step was set equal to 0.0005 sec and the numerical solution is obtained by means of the Newmark's implicit method considering average acceleration.
In Figure 5 the comparison between NLFEA and analytical formulation for different values of damping ratio are presented. The results reported in Figure 5 show that the stiffness-proportional damping introduced in the PARC_CL 2.0 crack model allows to reproduce well the dissipation of energy due to damping in a linear elastic system.
EXPERIMENTAL CAMPAIGN
The proposed PARC_CL 2.0 crack model was used to analyse the monotonic, cyclic and dynamic response of RC squat walls by means of NLFEA. This study is included within the CASH benchmark project [19] , which is an international benchmarking program organized under an initiative of the OEDC-NEA (Nuclear Energy Agency). The main objective of the benchmark was to evaluate the reliability of NLFEA to assess the seismic capacity of RC squat walls, by means of comparison with experimental outcomes. The experimental reference case is based on the "SAFE" RC squat walls tested at the European Laboratory for Structural Assessment (ELSA, Joint Research Centre) [20] . The SAFE experimental campaign consists of a series of pseudo-dynamic (PSD) tests on 13 different squat walls, with different reinforcement ratio representative of the nuclear industry practice. In particular, for the purpose of this paper, 3 out of the 13 specimens was selected: T6 [21] , T7 [22] and T8 [23] specimen.
All the specimens have the same geometrical properties: a length l = 3000 mm a height h = 1200 mm and a thickness t = 200 mm. In order to reproduce the effect of perpendicular walls, at both the ends of each specimen two flanges were added. The top and the bottom part of the specimen are made of rigid concrete beams, as shown in Figure 6 -a. In order to apply pure shear to the specimen the rotation of the top beam was constrained with two vertical jacks and the steel cover presented in Figure 6 -b.
The differences in the specimens are in percentage of steel, ρ, in vertical compressive stress, σn, in the numerical mass applied in the PSD test, M2, and in the first vibration frequency, f. The mean mechanical properties of the specimens are listed in Table 1 . In Table 1 the mass M1 represents the physical mass of the top beam including the steel cover, the mass M2 represents the numerical mass applied in the PSD test, N the vertical load imposed at the top beam of each specimen and σn the vertical stress due to the combination of self-weight and imposed vertical load. The modulus of elasticity of concrete was not directly obtained by tests but was derived adopting the formulation proposed in [14] , Eq.(38): 
where b, t, h represent the base, the thickness and the height of the wall, respectively. Finally, knowing the mass of each wall, M, (considered as the sum of physical mass, M1, and numerical mass, M2), the frequency of the wall could be analytically derived. The analytical calculation of the main features of the specimens are listed in Table 2 with the subscript A. Prior to run the experimental PSD tests, the eigenfrequency of each specimen, fexp, was measured by low level vibration and the corresponding elastic stiffness, Kexp, was derived. The obtained experimental results and the comparison with the analytical values are also reported in Table 2 . Interestingly, from Table 2 it appears that the analytically calculated stiffness significantly overestimates the measured one. The average value of the ratio between the experimental and the analytical stiffness is equal to 0.79, close to the 0.7 median value obtained by [24] . According to the results of these preliminary studies in the NLFEA, the modulus of elasticity of concrete was reduced by a factor 0.7 with respect to the one calculated according to Eq.(38). In Table 1 the adopted elastic modulus is reported as Ec.
NONLINEAR FINITE ELEMENT ANALYSIS
NLFEA have been carried out with ABAQUS code [11] adopting the PARC_CL 2.0 crack model. Each element is characterized by 4 Gauss integration points (S4) in plane while, along the thickness, it is divided in 2 layers with 3 Simpson section integration points.
The pushover analyses are limited to T6 and T8 specimens; in particular, for each specimen three different mesh configurations are analysed, characterized by an average element size of 200 mm (coarse mesh), 100 mm (medium mesh) and 50 mm (fine mesh), Figure 7 . The aim of this analyses was to investigate the capability of the proposed method to minimize the mesh dependency effect.
The same specimens are analysed also for static cyclic analyses in order to compare the obtained hysteretic response with the experimental results; for the static cyclic analyses only the fine mesh, characterized by an average element length of 50 mm, was investigated.
The dynamic analyses are limited to T6 and T7 specimens, in order to highlight the influence of the numerical applied mass which strongly changes the frequency of the specimen; for the dynamic analyses only the fine mesh, characterized by an average element length of 50 mm, was adopted. The top and the bottom beams was modelled using linear elastic material, while the web and the two flanges of the wall were modelled using PARC_CL 2.0 crack model. Furthermore, due to the confining effect of stirrups, the flanges are modelled considering a confined concrete, calculated according to the formulation proposed by [25] , which leads to an increase of both the compressive strength and the ultimate compressive strain. The analyses have been carried out using the mean values of the material properties as reported in Table 3 .
The boundary and loading conditions applied for static pushover and cyclic analyses are presented in Figure 8 -a. The translation in the x-direction is fixed in correspondence of the anchor elements of the experimental specimens; the translation along the z-direction is fixed at the base of the bottom beam and the out-of-plane behaviour is prevented by fixing the translation along the y-direction of the whole model. Load is applied in two different steps: in the first step the self-weight and the vertical pressure are applied; in the second step the horizontal displacement is imposed in correspondence of the "Sec T" section, Figure 8 -a. During the experimental tests, in order to apply pure shear condition to the wall, the rotation of the top beam was prevented by means of two vertical jacks. In NLFEA the same condition is obtained by applying a multi-point constraint in "Sec T". The pushover analyses have been car-ried out increasing the horizontal displacement until the failure. The cyclic analyses have been carried out applying to "Sec T" the horizontal displacement measured during the experimental PSD tests, Figure 8 -a. The implicit method was adopted by the solver, while the NewtonRaphson method was used as convergence criterion. The force and displacement tolerance was fixed to 5⋅10 -3 for forces and 10 -2 for displacements. For the dynamic analysis the boundary conditions were the same for pushover analysis, while load is applied in different manner, Figure 8 -b. An additional numerical mass, acting only along x-direction, defined as M2 in Table 1 , is added in the centroid of the top beam to simulate the numerical mass of the experimental tests. As for pushover analysis the load is applied in two different steps: in a first step the self-weight and the vertical pressure is applied; in a second step the horizontal acceleration is imposed and the rotation of the top beam is prevented by applying a multi-point constraint, which imposes the same vertical displacements of the central node of "Sec T" to all the other nodes of "Sec T", Figure 8 . In dynamic analysis the structural damping was introduced according to Rayleigh's classical theory defined in Eq.(37). The mass proportional term (α) is introduced as an input value in the ABAQUS code [11] , while the stiffness proportional term (β) was incorporated in the PARC_CL 2.0 crack model as explained in §2.3. The α and β Rayleigh's damping coefficients, according to the CASH benchmark organizer (that is the organizer of the project within which these analyses are carried out ), are calibrated in order to obtain a damping ratio of 2% for the frequencies of 0.5Hz and 35 Hz. 
Static pushover analysis
In Figure 9 the comparison between the experimental results and the static pushover analysis, in terms of shear-force vs top displacement, for T6 and T8 specimens, is presented. As just stated, in order to highlight the effect of the mesh dependency three different meshes are analysed: a coarse mesh with an average element size of 200 mm, a medium mesh with an average element size of 100 mm and a fine mesh with an average element size of 50 mm.
In Figure 9 the analyses are stopped when the failure occurred, due to crushing of concrete. Crushing of concrete is achieved when the compressive strain of concrete reaches the ultimate value, εc,u, shown in Figure 10 and Figure 11 for T6 and T8 specimen respectively. The values of εc,u, for the different meshes analysed, are reported in Table 3 . The curves reported in Figure 9 showed that the results obtained analysing the same specimen with different meshes are quite similar; so, it can be assess that the idea to modify the fracture energy of concrete as a function of the element length and crack spacing can avoid the mesh dependency effects. Finally, in Figure 10 and Figure 11 the contours representing the crushing of concrete are reported for T6 and T8 specimen respectively. Figure 9 highlights that using different meshes it is possible to obtain similar results in term of shear strength and failure mode. For the following static cyclic and dynamic analyses, the fine mesh characterized by an average element size of 50 mm is chosen.
Static cyclic analysis
In Figure 12 are presented the results of the static cyclic analysis obtained for T6 and T8 specimens with NLFEA using the PARC_CL 2.0 crack model together with the experimental outcomes. Figure 12 clearly shows that NLFEA carried out using the PARC_CL 2.0 crack model are able to reproduce the hysteretic response experimentally obtained. From Figure 12 it can be also highlight that the results obtained by means of NLFEA presented, as expected, a symmetric shape with respect to the origin, due to the fact that the specimen is perfectly symmetric in geometric and loading condition. On the other hand, the experimental results for T6 specimen, Figure 12 -a, presents an higher strength value on the positive displacement side.
In this context, it has to be remarked that the imposed cyclic displacement, derived by the measured displacement in the experimental PSD test, did not yield the specimens, both T6 and T8, to failure. However, analysing the results of the pushover analysis, presented above, and of the dynamic analysis, presented in the following, it can be expected that a small increasing of the imposed displacement could bring the specimen up to crushing failure.
Dynamic analysis
In this section dynamic time history analyses of T6 and T7 specimens are carried out; these two specimens, neglecting the little differences in the concrete mechanical properties, differ only in the numerical mass applied in the Pseudo-Dynamic experimental test, as shown in Table 1. This difference can strongly influence the frequency of the system; for this reason, before running the full dynamic time history analyses, the frequency analyses have been carried out in order to calculate the natural frequency of each specimen and to compare it with the experimental results. Table 4 it could be seen how the natural frequency obtained by means of NLFEA, fNLFEA, is close to the experimental one. Indeed, the average value of the ratio between numerical and experimental frequency is equal to 0.93. Finally, in Figure 13 the results obtained with dynamic time history analyses are plotted and compared with the results of the experimental Pseudo-Dynamic tests.
In Figure 13 the point corresponding to the crushing of concrete, and so to the failure of the specimen, is marked; after the crushing of concrete is reached, the NLFEA curve is presented with a dotted line. The crushing of concrete in NLFEA is considered as the point in which concrete reaches the ultimate strain, εc,u, reported in Table 3 (remember that for dynamic analysis the fine mesh is used).
Comparing Figure 13 -a with Figure 13 -b it appears that for T6 specimen the crushing of concrete occurs before than for the T7 specimen. Indeed, for T6 specimen the crushing of concrete occurs after 33.2 seconds out of the 74.4 seconds of the analysis, while for T7 specimen the crushing of concrete occurs after 64.5 seconds out of the 74.4 seconds of the analysis.
In order to underline the capability of the PARC_CL 2.0 crack model to reproduce the hysteretic response of the analysed specimens, in Figure 14 the comparison between NLFEA and experimental results is reported. The NLFE curves are stopped when the crushing of concrete is reached. From Figure 14 it can be remarked that the PARC_CL 2.0 crack model are able to reproduce the hysteretic behaviour of reinforced concrete squat walls subjected to dynamic loading.
CONCLUSIONS
In this paper the monotonic, cyclic and dynamic behaviour of RC squat walls was investigated by means of NLFEA carried out using multi-layer shell elements and the implemented PARC_CL 2.0 crack model. The main conclusions can be remarked as follow:
• The definition of a fracture energy for reinforced concrete,
RC F
G , allows to avoid the mesh dependency effect; indeed, the pushover analyses carried out using three different meshes (coarse mesh, medium mesh and fine mesh) lead to comparable results; • The PARC_CL 2.0 crack model seems to well reproduce the cyclic behaviour of a RC squat walls, in particular it was highlighted that, a proper definition of the hysteretic behaviour of concrete and steel leads to well reproduce the structural cyclic response, not only in the loading phase but also in the unloading phase; • The implementation, within the PARC_CL 2.0 crack model, of the stiffness proportional Rayleigh damping allows to run dynamic time history analyses. The results ob-tained using NLFEA and PARC_CL 2.0 are able to predict the cyclic behaviour of such kind of structural member. Nevertheless, further studies are needed to refine the dynamic model.
